1. Introduction {#se0010}
===============

The rapid economic growth and the increasing consumption of fossil-fuel-based energy have led to higher concentrations of pollutant gases in the atmosphere, depletion of natural resources, adverse climate impacts, and geopolitical tensions. The global shift from a fossil-fuel-based economy to a renewable-energy-based one has the potential to tackle the aforementioned problems [@br0010], [@br0020]. Electrical energy produced from abundant renewable energy sources, such as solar and wind power, is considered to be the cleanest form of energy. However, the fluctuating nature of these sources leads to technical challenges associated with the storage of the generated electricity [@br0030]. Recently, hydrogen, which is the simplest and lightest element, has been shown to be a sustainable and promising energy carrier in the Hydrogen Economy Concept [@br0040]. Even though the currently dominating technologies of hydrogen production are steam reforming, partial oxidation of hydrocarbons, and coal gasification, the development of advanced technologies for renewable-energy-based hydrogen production is given a high priority, and the topic is attracting scientific interest. One of the most mature technologies of renewable hydrogen production is electrolysis of water [@br0050]. By this method, surplus peak electricity from renewable energy sources is applied to generate renewable hydrogen, which can be further used in Power-to-X processes to produce net carbon-neutral fuels and chemicals [@br0060], [@br0070].

One approach attracting scientific interest in this context is microbial electrosynthesis (MES), electricity-driven synthesis of chemicals and fuels. Microbial electrosynthesis (MES) is an emerging technology capable of using water electrolysis and various microorganisms directly for the reduction of carbon dioxide to value-added compounds in bioelectrochemical systems (BESs). The concept was first proven by Nevin et al. [@br0080], who were able to reduce carbon dioxide to acetate and small amounts of 2-oxobutyrate by applying electric current to acetogenic microorganisms. The subsequent research revealed an opportunity of applying in situ water electrolysis and microbes for the efficient production of other value-added commodities. Information about chemicals that can be produced in bioelectrochemical systems can be found in [@br0090] and [@br0100]. Hydrogen-oxidizing bacteria (HOB), the metabolic growth of which is based on the use of hydrogen as an electron donor and oxygen as an electron acceptor, were shown to be promising microorganisms for the reduction of carbon dioxide to a wide range of value-added products [@br0110]. Volova et al. [@br0120] found that the biological value of proteins synthesized by different strains of hydrogen-oxidizing bacteria is sufficient to consider them as a potential protein source for human and animal nutrition. Moreover, research is currently carried out into HOB-based single cell protein production. For instance, Matassa et al. [@br0130] used autotrophic hydrogen-oxidizing bacteria to recycle ammonia recovered by air stripping from a wastewater treatment plant and captured CO~2~, together with hydrogen and oxygen produced by water electrolysis, to food and feed [@br0130], [@br0140]. Furthermore, a pilot plant has been constructed in Belgium within the framework of a Power-to-Protein project, which produces single cell protein with a targeted capacity of 1 kg--2 kg per day [@br0150]. However, these processes require external supply of hydrogen and oxygen to the bioreactors where the HOB are being cultivated. The application of bioelectrochemical system with in situ water electrolysis could provide a solution for overcoming the mass transfer limitations of this process, and could thus be considered a prospective strategy for renewable electrical energy storage. Torella et al. [@br0160] reported development of a scalable integrated bioelectrochemical system using HOB for carbon dioxide conversion into biomass and isopropyl alcohol with maximum bioelectrochemical efficiencies of 17.8% and 3.9%, respectively. A distinctive feature of this BES was the use of a cobalt phosphate (CoPi) anode, which is capable of performing oxygen evolution reaction (OER) at low overpotentials at a neutral pH. The same anode material was used in combination with a cobalt-phosphorus (Co-P) alloy cathode in the studies of Liu et al. [@br0170] to establish an effective water splitting system for HOB conversion into biomass at an efficiency of approximately 55% within a period of six days at an applied potential of 2.0 V. In addition to biomass, polyhydroxybutyrate (PHB), which is considered an intermediate compound in microbial assimilation of carbon dioxide, was synthesized with a 36% energy efficiency. Furthermore, different fusel alcohols were produced with efficiencies ranging from approximately 15% to 30%. Hybrid biological-inorganic (HBI) systems, which couple microorganisms with chemical catalysts to derive value-added products, have also been applied, for example, to ammonia [@br0180] and bacterial biomass production [@br0190].

Nevertheless, upscaling of bioelectrochemical processes for HOB cultivation requires overcoming the inherent constraints of low energy efficiency. The target of the present study is to develop a scalable energy efficient system for cultivation of hydrogen-oxidizing bacteria. The effects of various oxygen evolution (OER) catalysts are extensively reported in the literature for alkaline water electrolyzers, but there are only a few studies of electrolyzer cell performance in bioreactors with pH-neutral conditions so far. Further, a simplified mathematical model is introduced, based on models developed for traditional water electrolyzers. The model parameters are tuned and the model is verified by experimental results. The model is applied to quantitatively evaluate and compare possible overvoltage sources in the system with various electrode materials.

This paper is organized as follows. The characteristics of the in situ water electrolysis, initial HOB cultivation results with in situ water electrolysis, the experimental setup used for electrode material tests, the procedure describing in situ formation of coatings, and the simplified electrolyzer cell voltage model are introduced in Section [2](#se0020){ref-type="sec"}. The cell voltage model parameters are fitted by experimental results, and the model is applied to describe the performance of the selected electrode materials in Section [3](#se0080){ref-type="sec"}. Finally, Section [4](#se0130){ref-type="sec"} concludes the paper.

2. Materials & methods {#se0020}
======================

This section first defines the special characteristics of the in situ water electrolysis compared with traditional water electrolyzers. HOB cultivation results with in situ water electrolysis are shown. Further, the experimental setup and methods applied for electrolyzer cell studies in this paper, including the analytical model used to describe the operation characteristics of the electrolytic cell, are introduced.

2.1. In situ water electrolysis characteristics {#se0030}
-----------------------------------------------

One of the key issues of the gas-fermentation-based hydrogen-oxidizing bacteria production is the mass transfer of the hydrogen gas to the cultivation medium, even though a hydrogen gas conversion efficiency up to 81% has been reported [@br0130]. The mass transfer problems can be effectively avoided by BES, where the in situ water electrolysis takes place directly in the cultivation medium. However, the in situ water electrolysis imposes some constraints on the system. Firstly, the temperatures and pressures must be in a favorable range for the HOB. Secondly, the current densities applied to the water electrolysis must be limited to levels not harming the HOB. Finally, numerous requirements are set on the electrolyte, which also acts as a cultivation medium, and the electrodes themselves. Contrary to the traditional alkaline water electrolysis, the cultivation medium must offer an almost pH-neutral environment for the bacteria. This constraint is connected to the kinetically sluggish oxygen evolution reaction (OER), which produces a high activation overvoltage. Further, the side reactions producing toxic compounds must be prevented. In practice, these limitations lead to a significantly lower conductivity of the electrolyte compared with the traditional alkaline electrolysis. Therefore, to achieve an acceptable energy efficiency of the water electrolysis, relatively low current densities have to be applied, which leads to large electrode areas, yet the distance between the electrodes is minimized. Because of the large electrode area, low-cost electrode materials are preferred. Finally, the electrode materials must be corrosion resistant not to release any toxic compounds to the cultivation medium.

2.2. HOB cultivation experiments with in situ water electrolysis {#se0040}
----------------------------------------------------------------

The cultivation of HOB with in situ water electrolysis has been successfully tested in a small scale electrobioreactor [@br0200]. The research utilized a BES with internal liquid volume of 60 ml as shown in [Fig. 1](#fg0010){ref-type="fig"}a. CO~2~ gas was fed to the reactor, while hydrogen and oxygen for the microbial growth and CO~2~ fixation were generated inside the reactor vessel at a stainless steel cathode and an iridium oxide coated titanium anode. The electrodes were manufactured from wires of aforementioned materials which were looped in coils so that the surface of each electrode was 13 cm^2^.Figure 1Experimental setup used for the cultivation tests: (a) scheme of the small-scale in-situ electrolysis bioelectrochemical system, and (b) biomass increase of a mixed hydrogen enrichment culture.Figure 1

In [Fig. 1](#fg0010){ref-type="fig"}b, the biomass increase of a hydrogen enrichment culture is presented. The culture was a mixed population of yet unidentified species, which had evolved at least some resistance towards the BES environment. The bioreactor was fed with 0.13 g h^−1^ gaseous CO~2~, and supplied with electrolysis current of 18 mA, which roughly equals current density of 1 mA cm^−2^ at the surface of the electrodes, with average cell voltage of 2.31 V.

The cell mass increases in linear fashion as the growth is limited by the availability of hydrogen. Assuming faradic efficiency of unity for the electrolysis of water and complete consumption of the hydrogen, the apparent biomass yield from hydrogen was calculated to be 2.5 g~biomass~/mol~H~2~~. Matassa et al. have collected biomass to hydrogen yields for various HOB species cultivated with gaseous hydrogen feed [@br0130].

The published values range between 1.12 g~biomass~/mol~H~2~~--4.64 g~biomass~/mol~H~2~~, therefore the HOB cultivation with in situ electrolysis gives biomass yield comparable to the gaseous H~2~ feed cultivation, but without the need for handling and storage of flammable, and potentially explosive, hydrogen gas and hydrogen -- oxygen gas mixtures.

The volumetric productivity of biomass during the cultivation test is below 15 mg l^−1^ h^−1^ while the hydrogen production is the limiting factor for the growth. Therefore, the hydrogen production rate must be improved to enhance the volumetric productivity of the electrobioreactor. Therefore, the current density or electrode area must be increased to improve the productivity. In this article, the electrode materials are studied to enhance the current density without lowering the efficiency.

2.3. Experimental electrode material study setup {#se0050}
------------------------------------------------

The experimental setup is presented in [Fig. 2](#fg0020){ref-type="fig"}. The setup consists of the following elements: (i) an electrolyzer cell with a cross-sectional area of 2.6 cm^2^ and an initial distance of 3 mm between the electrodes, (ii) a WaveNow potentiostat to conduct electrochemical measurements, (iii) a water bath with a submerged Lauda heater to keep the system optimal for the bacterial cultivation temperature of 33 $$, and (iv) a constant flow pump to circulate the medium through the external vessel equipped with the temperature measurement. Different combinations of electrode materials, such as stainless steel (SS), nickel (Ni), graphite (C), platinum (Pt), cobalt phosphate (CoPi), nickel-iron (NiFe), and iridium dioxide (IrO~2~) deposited onto a titanium substrate, were tested. Stainless steel is widely used material because of the relatively low cost and high corrosion resistance in most environments. Applicability of SS 304 material for HOB cultivations was first studied by [@br0160], while the effect of stainless steel or carbon surface modification by CoPi or CoP electrocatalysts was further investigated in the subsequent state of the art studies of the same research group [@br0170], [@br0180], [@br0190]. However, HOB have showed to have effect on the corrosion of the low carbon steels [@br0210]. Further, the selected 316L has been mentioned to be vulnerable to microbial corrosion, and some other steel should be selected if uncoated electrodes are used for longer periods of time [@br0220]. Platinum is widely used as electrode material because of its stability despite the high cost. Nickel based metals are widely used in alkaline water electrolyzers, and therefore, used as a reference for the other materials [@br0230]. Graphite is also stable, but not highly catalytic material. CoPi coatings are shown to be self healing and biocompatible in the literature [@br0170]. IrO~2~ coated anode is found to be a promising candidate in the HOB cultivation experiments described above. Linear sweep voltammetry (I--V) was applied to measure the cell voltage as a function of cell current. The sweep rate of the linear sweep voltammetry was selected to be 10 mV s^−1^ to mitigate the effect of cell capacitances.Figure 2Experimental setup used for the electrolysis tests: (a) cross section of the electrolyzer cell, (b) photo of the experimental setup.Figure 2

The mineral medium, used for the bioelectrochemical cultivation of hydrogen-oxidizing bacteria prepared according to the DSM-81-LO4 recipe at the VTT Technical Research Centre of Finland, was applied as an electrolyte in the study. One liter of the medium solution contained distilled water, 50 ml of phosphate buffer, 2.3 g (KH~2~PO~4~), 2.9 g (Na~2~HPO~4~), 2 ml (NH~4~)(Fe)(citrate), 0.005 g of ferric ammonium citrate (16% Fe), 10 ml of (NaHCO~3~) solution, 0.5 g (NaHCO~3~), mineral salts, 5.45 g (Na~2~SO~4~), 1.19 g ((NH~4~)~2~SO~4~), 0.5 g (MgSO~4~⋅5H~2~O), 0.0117 g (CaSO~4~⋅2H~2~O), 0.0044 g (MnSO~4~⋅1H~2~O), 0.005 g (NaVO~3~), and 5 ml of trace element solution. 500 ml of trace element stock solution was made from 0.05 g (ZnSO~4~⋅7H~2~O), 0.15 g (H~3~BO~3~), 0.1 g (CoCl~2~⋅6H~2~O), 0.005 g (CuCl~2~⋅2H~2~O), 0.01 g (NiCl~2~⋅6H~2~O), and 0.015 g (Na~2~MoO~4~). The phosphate buffer, the ammonium iron (III) citrate, the mineral salts, and the trace element solutions were autoclaved separately. The vitamin solution (NaHCO~3~) was filter sterilized. The solutions were combined aseptically at room temperature. The pH and conductivity of the medium, measured before and after the electrolysis tests, were 7 and 12 mS cm^−1^, respectively.

2.4. In situ catalyst formation {#se0060}
-------------------------------

Electrodeposition of coatings based on earth-abundant first-row transition metals such as Co and Fe--Ni is considered an efficient method for the electrode surface structure modification and enhancement of the electrochemical activity. In the present study, in situ preparation of coatings was performed in the experimental setup described in the previous section based on the electrodeposition strategies adopted from [@br0160] and [@br0240]. Cobalt phosphate (CoPi) coating was electrodeposited onto graphite and stainless steel plates (substrates) in a solution containing 0.1 M KH~2~PO~4~ and 0.5 mM Co(NO~3~)~2~⋅6H~2~O and 250 ml of distilled deionized water. Pretreatment of the electrode samples included polishing with sand paper and rinsing with acetone and deionized water. Electrolytic deposition was carried out by bulk electrolysis at 2 V for 5 h for the graphite substrate and for 3 h for the stainless steel substrate. Graphite and stainless steel were used as the auxiliary and reference electrode for the corresponding experiments in a two-electrode system. Solution with two times increased concentration of Co~2^+^~ was also deposited onto the stainless steel substrate to investigate the influence of the increased cobalt mass on the coating structure and the electrochemical performance of the synthesized catalyst.

In situ formation of nickel-iron (NiFe) coating was carried out by the bulk electrolysis method at 2.8 V for 15 min in the solution containing 0.1 M Na~2~SO~4~, 0.25 M NiSO~4~⋅6H~2~O, 0.25 M FeSO~4~⋅7H~2~O, and 250 ml of distilled deionized water. A small amount of H~2~SO~4~ was added to the solution to adjust the pH to 2. A stainless steel plate with the aforementioned pretreatment was used as a substrate for the electrolytic deposition of the nickel-iron (NiFe) film. Scanning electron microscope (SEM) images of the obtained cobalt phosphate (CoPi) and nickel-iron (NiFe) structures are presented in [Fig. 3](#fg0030){ref-type="fig"}.Figure 3Scanning electron microscope (SEM) images of the cobalt phosphate (CoPi) coating onto (a) graphite substrate, (b) stainless steel substrate, and (c) nickel-iron (NiFe) coating onto stainless steel substrate.Figure 3

2.5. Cell model {#se0070}
---------------

In neutral conditions (pH=7), the water electrolysis is described by the following electrochemical reactions [@br0070]. Oxidation half-reaction at the anode--oxygen evolution reaction (OER):$$2\text{H}_{2}\text{O}\longrightarrow\text{O}_{2} + 4\text{H}^{+} + 4\text{e}^{-},E_{0} = 0.817\ \text{V}$$

Reduction half-reaction at the cathode--hydrogen evolution reaction (HER):$$4\text{H}_{2}\text{O} + 4\text{e}^{-}\longrightarrow 2\text{H}_{2} + 4\text{OH}^{-},E_{0} = - 0.413\ \text{V}$$

The overall reaction in the electrolytic cell:$$2\text{H}_{2}\text{O} + \text{electrical\ energy}\longrightarrow\text{O}_{2} + 2\text{H}_{2},E_{0} = - 1.23\ \text{V}$$

The above equations demonstrate that the equilibrium or reversible cell voltage, which is the lowest potential required for the electrolysis to take place at 25 $$ and 1 atm, is equal to 1.23 V. However, in practice, higher voltages are required to dissociate water; this is due to the additional overvoltages presented in the following equation:$$U_{\text{cell}} = U_{\text{rev}} + U_{\text{ohm}} + U_{\text{act}} + U_{\text{con}},$$ where $U_{\text{cell}}$ is the cell voltage, $U_{\text{rev}}$ is the reversible open circuit voltage, $U_{\text{ohm}}$ is the overvoltage caused by ohmic losses in the cell elements, $U_{\text{act}}$ is the activation overvoltage caused by electrode kinetics, and $U_{\text{con}}$ is the concentration overvoltage caused by mass transport processes [@br0010].

In electrolysis, the production of hydrogen and oxygen is directly proportional to the mean value of the current flowing through the electrolyzer cell. Thus, the hydrogen and oxygen production rates (mol s^−1^) of a single electrolytic cell can be expressed as:$$f_{\text{H}_{2}} = \eta_{\text{F}}\frac{i_{\text{cell}}A_{\text{cell}}}{zF},$$ where *z* (*z*= 2 and 4 for hydrogen and oxygen, respectively) is the number of moles of electrons transferred in the reaction, *F* is the Faraday constant (9.6485×10^4^ C mol^−1^), $i_{\text{cell}}$ is the current density (A cm^−2^), $A_{\text{cell}}$ is the effective cell area (cm^2^), and $\eta_{F}$ is the Faraday efficiency, also known as the current efficiency. In this study, the Faraday efficiency can be assumed to be unity because there should be no leakage currents, and further, as the product gas is a mixture of hydrogen and oxygen, there is no leakage of hydrogen to the oxygen line as in traditional electrolyzers [@br0250]. Therefore, the hydrogen production rate can be directly estimated based on current, and the voltage eventually describes the energy efficiency of the cell.

A simplified model to describe the electrolytic cell voltage behavior as a function of current is introduced. The open-circuit voltage can be described using the Nernst equation [@br0260]$$U_{\text{rev}} = U_{\text{rev}}^{0} + \frac{RT_{\text{el}}}{zF}\ln\left( \frac{p_{\text{H}_{2}} \cdot p_{\text{O}_{2}}^{1/2}}{p_{\text{H}_{2}\text{O}}} \right),$$ where $U_{\text{rev}}^{0}$ is the reversible cell voltage, *R* is the universal gas constant (8.3144621 J mol^−1^ K^−1^), and $T_{\text{el}}$ is the temperature. Further, $p_{\text{H}_{2}}$, $p_{\text{O}_{2}}$, and $p_{\text{H}_{2}\text{O}}$ are the hydrogen, oxygen, and water partial pressures.

The reversible cell voltage is defined as a function of temperature; for example, for a PEM electrolyzer cell in [@br0270] and for an alkaline electrolyzer cell with the KOH electrolyte in [@br0280]. However, in this simplified case, the open-circuit cell voltage under constant operating temperature and atmospheric pressure is considered as one parameter to be found by the curve fitting of the measured data.

The ohmic overpotential is mainly caused by the voltage across the cultivation medium with the conductivity in the range of 10 mS cm^−1^ as the conductivity of titanium or stainless steel electrodes is roughly 2.5 kS cm^−1^. Therefore, the ohmic overpotential can be expressed as$$U_{\text{ohm}} = \frac{\delta_{\text{m}}i_{\text{cell}}}{\sigma_{\text{m}}},$$ where $\delta_{\text{m}}$ is the distance between the electrodes in (cm), and $\sigma_{\text{m}}$ is the conductivity of the medium in (S cm^−1^).

The activation overpotential is typically described by using the Butler--Volmer equation [@br0290]$$U_{\text{act}} = \frac{RT_{\text{el}}}{\alpha_{\text{an}}F}{arcsinh}\ \left( \frac{i_{\text{cell}}}{2i_{\text{o,an}}} \right) + \frac{RT_{\text{el}}}{\alpha_{\text{cat}}F}{arcsinh}\ \left( \frac{i_{\text{cell}}}{2i_{\text{o,cat}}} \right),$$ where *α* is the charge transfer coefficient for the anode and the cathode separately, and $i_{\text{o}}$ is the exchange current density on the electrode surfaces. The charge transfer coefficients and the exchange current densities are experimentally defined as a function of temperature for example in [@br0300].

Finally, the simplified model for the cell voltage as a function of current can be expressed as$$U_{\text{cell}} = U_{\text{rev}} + \frac{\delta_{\text{m}}i_{\text{cell}}}{\sigma_{\text{m}}} + \alpha{arcsinh}\ \left( \frac{i_{\text{cell}}}{2i_{0}} \right),$$ where $U_{\text{rev}}$, $\sigma_{\text{m}}$, *α*, and $i_{0}$ are the parameters to be fitted by the experimental data.

3. Results & discussion {#se0080}
=======================

Graphite was used as an electrode material for the first bioelectrochemical cultivation tests of an acetogenic microorganism in [@br0080]. Nickel and stainless steel have traditionally been used with alkaline electrolyzers whereas noble metals and their oxides, such as platinum and iridium dioxide, are known for their high catalytic activity. Therefore, the performance of the aforementioned materials was studied for the electrolyte introduced in Section [2](#se0020){ref-type="sec"}. The potential of coated electrodes prepared by electrodeposition of Co and a Fe--Ni alloy as a possible substitute for electrodes made of precious metals was also evaluated.

Both hydrogen and oxygen are important in the cultivation of HOB, and thus, a membrane-free electrolyzer cell prototype was used for the electrolysis tests. The absence of a membrane makes it possible to decrease the distance between the electrodes and increase the electrical efficiency, which is especially important in pH-neutral conditions. However, the flow of biomass through the electrolyzer can become an issue at very low distances between the electrodes. Hence, the electrode materials were tested at distances varying from 3 mm to 16 mm to collect the voltage-current characteristics of the electrolyzer cell as a function of distance between the electrodes. In the present section, the linear sweep voltammetry results for various anode and cathode material sets of the in situ water electrolysis are presented and analyzed with the developed cell model.

3.1. Stainless steel electrodes {#se0090}
-------------------------------

First, stainless steel electrodes were used as the anode and the cathode. The main solutes of the Sanmac 316L alloy per weight are: chromium 17.0%, nickel 10.1%, molybdenum 2.0%, and manganese 1.6%. The distance of the electrodes was varied to study the effect of distance on the cell voltage. Further, the results are used to verify the simplified cell model. As only the distance between the electrodes is changed and resistive conduction losses are described by the medium conductivity, all the model parameters should match each other in all cases. A minimum distance of 3 mm between the electrodes was selected to limit the flow resistance of the electrolyte. Further, it was assumed that distances exceeding 10 mm cannot be used because of the low conductivity of the electrolyte. The cell voltage as a function of current density is shown in [Fig. 4](#fg0040){ref-type="fig"}.Figure 4Experimental results of water electrolysis with stainless steel (SS) electrodes, obtained with a variable distance, and the modeling results with Eq. [(9)](#fm0090){ref-type="disp-formula"}.Figure 4

The distance between the electrodes has a significant impact on voltage owing to the high ohmic losses caused by the low conductivity of the medium. If the voltage efficiency of the electrolysis is required to be higher than 50%, considering the thermoneutral voltage of 1.48 V, the current density cannot exceed the value of 10 mA cm^−2^ at the distance of 3 mm between the electrodes as the current densities in commercial alkaline electrolyzers are up to 500 mA cm^−2^ [@br0310]. At greater distances the allowed current density would be even lower. Therefore, it can be concluded that the distance between the electrodes should be as short as possible to achieve a high efficiency and a compact structure. The parameters $U_{\text{rev}}$, $\sigma_{\text{m}}$, *α*, and $i_{0}$ in Eq. [(9)](#fm0090){ref-type="disp-formula"} were determined using experimental voltage and current data and the method of nonlinear least square regression, and presented in [Table 1](#tbl0010){ref-type="table"}. Further, the reversible voltage, the ohmic voltage, and the activation voltage terms are presented separately in [Fig. 5](#fg0050){ref-type="fig"}.Table 1Experimentally fitted parameters of the simplified cell model with stainless steel electrodes.Table 1*δ*~m~ (mm)*U*~rev~ (V)*σ*~m~ (S cm^−1^)*α* (-)*i*~0~ (A cm^−1^)31.9050.0120.3930.001062.0580.0120.4250.002192.1320.0120.5300.0036161.920.0120.2780.0007Figure 5Reversible voltage, ohmic overvoltage, and activation overvoltage as a function of current density for the water electrolysis experiments with a variable distance between the stainless steel electrodes: (a) *δ*~m~ = 3 mm, (b) *δ*~m~ = 5 mm, (c) *δ*~m~ = 9 mm, and (d) *δ*~m~ = 16 mm.Figure 5

We can see that the ohmic overpotential becomes higher than the activation overpotential at relatively moderate current densities of 3 mA cm^−1^--25 mA cm^−1^ depending on the distance between the electrodes. At great distances between the electrodes the ohmic overpotential even exceeds the reversible voltage. The reversible voltage and the activation overpotential are almost the same with all distances between the plates, as supposed, that supports the use of the simplified model.

3.2. Anode material comparison {#se0100}
------------------------------

According to Eq. [(1)](#fm0010){ref-type="disp-formula"}, the potential of the anode half reaction is higher than the potential of the cathode half reaction. Therefore, all the studied materials were applied to the anode as the cathode is made of stainless steel. The cell voltages with different anode materials with the electrode distance of 3 mm are presented as a function of current density in [Fig. 6](#fg0060){ref-type="fig"}.Figure 6Cell voltage as a function of current density with various anode materials and a stainless steel cathode. The solid lines indicate the measured data and the dashed lines represent the simplified model.Figure 6

As can be seen in [Fig. 6](#fg0060){ref-type="fig"}, the anode material has a significant effect on the cell voltage, especially at higher current densities. Graphite clearly exhibits the worst performance with the highest cell voltage, and the nickel and platinum anodes have voltages relatively close to each other. The iridium-dioxide-coated anode is obviously the most favorable anode material of the studied materials. With the iridium dioxide, a current density of 15 mA cm^−2^ can be achieved with a voltage efficiency of 50%. The reversible voltage, the ohmic voltage, and the activation voltage terms as a function of current density with different anode materials are compared with each other in [Fig. 7](#fg0070){ref-type="fig"} and the model parameters are shown in [Table 2](#tbl0020){ref-type="table"}.Figure 7Separated overvoltages for the water electrolysis experiments with different anode materials: (a) graphite (C), (b) nickel (Ni), (c) platinum (Pt), and (d) iridium dioxide (IrO~2~).Figure 7Table 2Experimentally fitted parameters of the simplified cell model with various anode materials.Table 2Anode*U*~rev~ (V)*σ*~m~ (S cm^−1^)*α* (-)*i*~0~ (A cm^−1^)C20.0120.4550.0010Ni20.0120.3380.0007Pt1.9750.0120.3320.0007IrO~2~1.7660.0120.3510.0013

The material selection significantly affects the reversible voltage and the activation voltage. The iridium oxide yields a slightly lower reversible voltage compared with the other materials. The activation overpotential is highest in the case of the graphite anode as the activation overpotentials with the other materials are in the same range with each other. Furthermore, the resistive voltage loss is mainly caused by the low-conductivity electrolyte medium, and thus, the electrode material has practically no impact on it.

3.3. Coated electrodes {#se0110}
----------------------

Subsequently, coated electrodes were applied to the anode and stainless steel was used as the cathode. The cell voltages with different coated anode materials with the electrode distance of 3 mm are presented as a function of current density in [Fig. 8](#fg0080){ref-type="fig"}.Figure 8Cell voltage as a function of current density with coated electrodes used as the anodes and stainless steel as the cathode.Figure 8

It can be clearly seen from [Fig. 8](#fg0080){ref-type="fig"} that coated electrodes can be considered an attractive alternative for catalysts made of precious metals. Electrodeposition of Co and the Ni-Fe alloy enables substrate surface structure modification by enhancement of the electrochemically active surface area, which is well shown in [Fig. 3](#fg0030){ref-type="fig"}. The obtained highly ordered CoPi coatings exhibited a better performance than the Pt anode, whereas the performance of the Ni-Fe film was comparable with the IrO~2~ anode. A current density of approximately 14 mA cm^−2^ was achieved with a voltage efficiency of 50% when using stainless steel coated with the Ni-Fe alloy. It was also found that the substrate material had an effect on the electrochemical performance of the electrode. The performance of the CoPi coating on the graphite substrate was slightly lower than the performance of the same coating electrodeposited onto stainless steel substrates. The performances of the CoPi coatings electrodeposited onto the stainless steel substrate from solution 1 and solution 2 with 0.5 and 1 mM concentrations of Co~2^+^~, respectively, were similar.

The reversible voltage, the ohmic voltage, and the activation voltage terms as a function of current density with different coated anodes are compared with each other in [Fig. 9](#fg0090){ref-type="fig"} and the model parameters are shown in [Table 3](#tbl0030){ref-type="table"}.Figure 9Separated overvoltages for the water electrolysis experiments with different coated electrodes used as the anode materials: (a) graphite coated with CoPi using solution 1, (b) stainless steel coated with CoPi using solution 1, (c) stainless steel coated with CoPi using solution 2, and (d) stainless steel coated with NiFe.Figure 9Table 3Experimentally fitted parameters of the simplified cell model with various coated electrodes used as the anode materials.Table 3Anode*U*~rev~ (V)*σ*~m~ (S cm^−1^)*α* (-)*i*~0~ (A cm^−1^)C(CoPi-sol.1)1.7900.0120.4430.0014SS(CoPi-sol.1)1.6300.0120.3590.0006SS(CoPi-sol.2)1.6950.0120.3700.0009SS(NiFe)1.4490.0120.3380.0004

3.4. Cathode material comparison {#se0120}
--------------------------------

Finally, the most promising anode materials were also used as the cathode material to see if the performance can be further improved. The cell voltages with different anode and cathode material combinations are presented as a function of current density in [Fig. 10](#fg0100){ref-type="fig"}, and the model parameters are summarized in [Table 4](#tbl0040){ref-type="table"}.Figure 10Cell voltage as a function of current density with the best-performing anode and cathode materials.Figure 10Table 4Experimentally fitted parameters of the simplified cell model with the best-performing electrode materials.Table 4An./Cath.*U*~rev~ (V)*σ*~m~ (S cm^−1^)*α* (-)*i*~0~ (A cm^−1^)Pt-Pt1.40.0120.2550.0002IrO~2~-IrO~2~1.3660.0120.2270.0004

Current densities of 25, 15, and 10 mA cm^−2^ were achieved with the voltage efficiency of 50% for IrO~2~, Pt, and SS used for both the anode and the cathode. In the previous research [@br0160], HOB managed to tolerate and grow at current densities up to approximately 4 mA cm^−2^ with 2.5 V cell potential. Further increase of the driving voltage up to 3 V resulted in the exponential increase of the cell densities and the highest reported value for the current density, which bacteria managed to tolerate, was 11 mA cm^−2^.

It is important to note, that there was no substantial increase in the performance when using CoPi and Ni-Fe coated catalysts for both electrodes in comparison with the experiments where SS was used as the cathode material. Thus, we can state that the aforementioned coatings are catalytically active for oxygen evolution reaction (OER) but do not exhibit high catalytic activity for hydrogen evolution reaction (HER). Even though IrO~2~ shows the best performance as the anode and cathode material, the SS performance is still acceptable when considering the high manufacturing cost of catalysts made of precious metals. Furthermore, the SS can be considered a potential cost-effective substrate material for electrodeposition of coatings. It can be concluded that in a neutral environment the cathode material also has a significant effect on the water electrolysis performance. The cell overpotentials with different electrode material combinations are shown in [Fig. 11](#fg0110){ref-type="fig"}.Figure 11Separated overvoltages for the water electrolysis experiments of the best electrode material combinations: (a) platinum-platinum (Pt--Pt), and (b) iridium-iridium (IrO~2~--IrO~2~).Figure 11

The reversible voltage with both the platinum- and iridium-dioxide-coated cathodes is significantly lower than with the stainless steel cathode. Further, the iridium-dioxide-coated cathode exhibits a lower activation overpotential than platinum.

4. Conclusions {#se0130}
==============

In the present paper, a simplified cell model was proposed to describe the cell voltage components as a function of current density. It is noteworthy that the chemical formulation of the electrolyte significantly affects the electrical resistance of the electrolysis cell and thereby the energy efficiency of the whole process. The developed model was implemented to analyze the applicability of numerous electrode materials for the in situ electrolysis of a pH-neutral medium for bioelectrochemical cultivation of hydrogen oxidizing bacteria. The model enables quantitive evaluation of the reversible voltage, ohmic overpotential, and activation overpotential for different sets of electrode materials.

The obtained highly ordered CoPi and Ni-Fe coatings exhibited an oxygen evolution reaction (OER) performance exceeding that of the Pt anode and being comparable with the IrO~2~ anode. However, the aforementioned coatings did not show a substantial improvement in performance for the hydrogen evolution reaction (HER) compared with the stainless steel cathode. Based on this observation, we can conclude that additional research is required to find suitable coatings with high electrocatalytic performance for the HER.

The lowest cell voltage as a function of current density was reached with the IrO~2~ coating both at the anode and the cathode. With the stainless steel electrodes, the same voltage level was achieved at roughly 50% lower current densities compared with the IrO~2~-coated electrodes. Despite this, the stainless steel can be considered a potential cost-effective substrate material for preparation of coatings in electrobioreactors with in situ electrolysis of media.

A detailed energy efficiency analysis of the bioelectrochemical system and an analysis of the effects of the in situ water electrolysis on the microbial growth, e.g. maximum allowable current density, will be conducted in the further research into the topic.
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